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Summary 

in Drosophila melanogaater males, the sex chromo- 
comes pair during meiosis in the centric X hetercchro- 
matin and at the baae of the short arm of the Y (YS), 
In the vicinity of the nucieoius organizers. X chrome- 
some8 deficient for the pairing region segregate ran- 
domly from the Y. in thia report we show that a aingie 
ribosomal RNA (rRf#A) gene stimulatea X-Y pairing and 
di8juncUon when berted onto a heterochrxmu&caiiy 
deficient X chrwnolome by P element-mediated 
transformation. We ako show that insert-containing X 
chromoeomes pair at the site of Insertion, that au- 
tosomai rDNA ineerts do not affect X-Y pairing or dis- 
junction, and that the strength of an X pairing site is 
proportional to the dose of ectopic rRNA genes. 
These msuita demonstrate that rRNA genes can pro- 
mote X-Y pairing and diejunction and Imply that the 
nucleolus organizers function as X-Y pairing sites In 
wild-type Drosophila males. 

introduction 

The regular disjunction of homologous chromosomes dur- 
ing meiosis is responsible for Mendelian segregation and 
for the maintenance of euploidy in sexually reproducing 
species. Many of the cellular structures responsible for 
chromosome segregation, such as microtubule arrays 
(Mitchison, 1988) centrioles (McIntosh, 1983), and kineto- 
chores (Rieder, 1982), are beginning to be understood in 
terms of their molecular structures and mechanisms of 
function. One of the least understood processes in meio- 
sis is the mutual recognition and pairing of homologs that 
occurs during early prophase. Pairing is essential for sub- 
sequent meiotic events, including segregation; a chromo- 
some that fails to pair typically disjoins randomly from its 
homolog and may be lost during the meiotic or subse- 
qUtWtt mitotic divisions. Cytological and genetical analyses 
have provided some insights into the process of pairing, 
but the underlying molecular mechanisms are entirely 
mysterious. 

An important step in understanding how homologs pair 
would be to discover where they pair. Do all sequences 
participate equally in homolog recognition or are there 
specific chromosomal sites at which pairing occurs? UI- 
trastructural studies suggest that pairing typically initiates 
at one or a few sites per chromosome arm and then 
spreads in a zipper-like fashion (Giroux, 1988). It is not 

clear, however, whether the initiation sites are specific Or 

randomly chosen. The numerous reports of nonlinear 
pairing configurations, such as transiocatiin crosses and 
inversion loops, in pachytene chromosomes of individuals 
heterozygous for rearrangements (reviewed in Mn Wet+ 
stein et al., 1984) suggest that, for most chromosomes, 
there must be a substantial number of pairing sites per 
chromosome. In an extensive study of recombination be- 
tween pairs of overlapping inversions in Drosophila fe- 
males, recombination was observed in afl tested inlsrvalS, 
suggesting that sites for local initiation of pairing are wide- 
spread (Craymer, 1981). 

lf specific pairing sites exist, it should be possible to 
identify them by mutations or rearrangements that disrupt 
chromosome pairing in cis. However, genetic analysis of 
pairing has been hampered by the complex relationships 
between pairing and disjunction in most organisms. 
These complications include the requirement for chias- 
mata (the products of exchange) to stabilize bivalents 
(Hawley, 1988) and the existence of a “back-up” distribu- 
tive disjunctional system specific for nonexchange chro- 
mosomes (Grell, 1978). In Drosophila males, the analysis 
of pairind is facilitated by a relative@ simple relationship 
between pairing and disjunction. E&range and its as- 
sociated structures-synaptonemaf complexes and chi- 
asmata-are absent (Morgan, 1912; Meyer, 1988), and 
there is no distributive pairing (Holm, 1978). Because of 
this simplicity, it has been possible, by cytogenetic map- 
ping, to partially localize sites involved in pairing. For 
chromosome 2, which is a large metacentric autosome 
with heterochromatin surrounding the centrcmere on both 
sides, pairing appears to be re&fc&l to the euchromatic 
regions. Free duplications containing only seoond chro- 
mosome heterochromatin do not pair either with each 
other or with complete second chromosomes (Yamamoto, 
1979) and iso-second chromosomes (attachedPL and 
attachedafl) with overlap only in the heterochromatin dis- 
join randomly from each other (Hilliker et al., 1982). Con- 
versely, the pairing sites of the nearly tekx%ntric X chro- 
mosome are restricted to the centric heterochromatin of 
the large left arm. Deletions for XL heterochromatin dis- 
rupt X-Y pairing and lead to frequent X-Y nondisjunction 
(Muller and Painter, 1932; Gershenson, 1933; Cooper, 
1984). 

More detailed mapping of the sex chromosome pairing 
sites has shown them to be very closely linked to the 
nucleolus organizers, which are located in the central half 
of the X heterochromatin and at the base of the short arm 
of the Y (Ritossa, 1978). All free X duplications that fail to 
disjoin regularly from an attached XY are NO- (Lindsley 
and Sandler, 1958). All X heterochromatic deficiencies 
that disrupt X-Y pairing and disjunction to one degree or 
another are completely &o&bed&81 al (recessive lethal 
due to rDNA insufficiency), and most 8o&e&&!ra/ defi- 
ciencies are also pairing-negative (McKee and Lindsley, 
1987). The few apparent exceptions probably reffect differ- 
ent thresholds for pairing and viability rather than separa- 
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bility of the responsible loci. One bobbed-lethal, pairing- 
positive deficiency (/f~(l)Wrn~~w~~~~R) retains 8-8 rRNA 
genes, as estimated by in situ hybridization to mitotic chro- 
mosomes (Appels and Hilliker, 1982). The others have not 
been tested molecularly. In addition to being closely 

linked to the rDNA, the pairing site is also functionally 
repetitive. Deletions for either the distal or proximal half of 
the heterochromatin (and of the rDNA) do not disrupt pair- 
ing (Appels and Hilliker, 1982; Lindsley et al., 1982; McKee 
and Lindsley, 1987). An alternative interpretation of the 
mapping data, first suggested by Cooper (1984), is that 
pairing sites are located on both sides of the nucleolus or- 
ganizer. This proposal was based on Cooper’s light micro- 
scope observation that X chromosomes pair either just 
distal or just proximal to the secondary constriction (NO). 
It is very difficult to determine, by cytological or cytogenet- 
ic analyses, whether two heterochromatic functions are 
controlled by a single locus or different, closely linked loci. 
The observation that two X heterochromatic deletions 
presumed to differ only in the amount of residual rDNA 
(based on the way in which they were generated) differ 
from each other in pairing ability (Appels and Hilliker, 
1982) favors the hypothesis that the pairing site is the 
nucleolus organizer. However, it is difficult to be certain 
about the heterochromatic makeup of these deletions. A 
molecular test of the pairing ability of rDNA is necessary 
to decide if rDNA is responsible for X-Y pairing. 

In addition to the NO and the X pairing site, the X hetero- 
chromatin also contains a function essential for normal 
sperm development. Males deficient for X heterochroma- 
tin experience spermatid mortality (Peacock et al., 1975), 
which results in progeny ratio distortion (Gershenson, 
1933; Sandler and Braver, 1954; Peacock, 1985). There is 
a strong correlation between the amount of nondisjunction 
and the severity of distortion exhibited by different X het- 
erochromatic deficiencies (McKee and Lindsley, 1987). A 
similar correlation is seen among males with the same 
deficiency but differing either in background genotype or 
in rearing temperature (Zimmering, 1983; Peacock and 
Miklos, 1973; Peacock et al., 1975). These correlations, 
and the apparent inseparability of the X heterochromatic 
sites responsible for distortion from the pairing site (Mc- 
Kee and Lindsley, 1987) have led to the proposal that dis- 
ruption of X-Y pairing is directly responsible for distortion 
(Baker and Carpenter, 1972; Peacock and Miklos, 1973; 
McKee and Lindsley, 1987). 

Both of these hypotheses, that the nucleolus organizer 
is the X-Y pairing site and that X-Y pairing is required 
for normal sperm development, can be tested directly 
using P element transformation of cloned ribosomal RNA 
(rRNA) genes. The prediction is that transformation of a 
threshold number of copies of rRNA genes onto a rDNA-, 
pairing deficient X chromosome, should restore pairing 
ability and rescue both the nondisjunction and progeny ra- 
tio distortion phenotypes. Because of the size of rRNA 
genes in Drosophila (approximately 12 kb), such an ex- 
periment is feasible only if the copy number threshold for 
at least partial pairing is rather low. As pointed out above, 
X heterochromatic deficiencies with only a few (8-8) resid- 
ual copies of the rRNA genes can pair normally. This sug- 

gests that the threshold may be within the range of molec- 
ular experimentation. 

A previous report (Karpen et al., 1988) described the 
construction and germline transformation of a P transpo- 
son called p(rib,ry)i: which contains a single, uninter- 
rupted rRNA gene. One X-linked and three autosomal in- 
sertions of p(rib,ry)7 (referred to as [ribA) were shown to 
be transcribed and to induce formation of a mininucleolus 
at the site of insertion in salivary gland polytene chromo- 
somes. In this report we show that (rib71 stimulates X-Y 
pairing and disjunction and reduces progeny ratio distor- 
tion when located on a heterochromatically deficient X but 
not when located autosomally, and that the levels of both 
X-Y nondisjunction and progeny ratio distortion are in- 
versely proportional to the X-linked copy number of [rib7]. 
These results imply that rRNA genes function as X-Y pair- 
ing sites and that normal sperm development requires X-Y 
pairing. 

Results 

A Single Ectopic rRNA Gene Partially Rescues 
the Meiotic Defects of a Heterochromatically 
Deficient X Chromosome 
The ability of an X-linked rRNA gene to promote X-Y pair- 
ing was tested by recombining [ribfl(lAl-4) (see Figure 1 
for structure) onto Df(l)X-7, a large heterochromatic defi- 
ciency that disjoins at random from the Y (McKee and 
Lindsley, 1987). [ribfl(lAl-4) is located very near the tip 
of the X in bands lAl-4 of the polytene chromosome map, 
based on in situ hybridization to salivary gland chromo- 
somes (see Figure 5). This insert was shown in Karpen et 
al. (1988) (where it is referred to as [riW](lA)) to be autono- 
mously functional with respect to transcriptional ability 
and nucleolus formation. The recombinant, [ribfl(lAl-4) 
Df(l)X-7, and a nonrecombinant Df(l)X-7 chromosome were 
isolated from the same female to minimize genetic back- 
ground differences. 

Cytologically, pairing activity of (ribfl(lAl-4) should be 
reflected both in an enhanced frequency of X-Y bivalents 
and in an unusual pairing configuration-with the X 
paired at its tip instead of near its base. To test these 
predictions, orcein-stained prophase I and metaphase I 
chromosomes were prepared from males carrying the sib- 
ling X chromosomes described above or a wild-type X. 
The wild-type bivalents showed the usual pattern with the 
X paired in the heterochromatin (Figure 2A). Bivalents 
were rare (0065%) in Df(1)X-7 males as reported previ- 
ously (McKee and Lindsley, 1987); the typical univalent 
pattern is shown in Figure 28. Only an approximate esti- 
mate of bivalent frequency could be obtained from [rib71 
(lAl-4) Df(l)X-7 males because the frequency varied from 
stage to stage, declining as anaphase I approached, and 
also because premature X-Y disjunction (a common oc- 
currence in these males) was often indistinguishable from 
cases in which the X and Y had never paired. However, 
the frequency of X-Y bivalents was significantly higher dur- 
ing prophase in [ribq(lAl-4) Df(l)X-7 males (20%-40%) 
than in Df(l)X-7 males. Striking confirmation of the termi- 
nal pairing prediction was obtained for [rib7j(lA1-4), M(7)X-7 
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rRNA transcript Rosy VanscrIpt 

HR HHR HH H‘ R H 

P IGS ETS 1sS ITS 20s IGS row P 
5.6 kb Hind III. . 

’ fragment ’ ’ 
11 6 kb EcoRl fragment 

Figure 1. Structure of [rib71 

Partial restriction map of [ribq insertion (redrawn from Karpen. 1967); 
H = Hindlll; R = EcoRI; P = sequences derived from the ends of a 
P element; IGS = intergenic spacer (also known as nontranscribed 
spacer); ETS = external transcribed spacer; 18s = 16s rFtNA se- 
quence; ITS = internal transcribed spacer; 28s = 26s rRNA se- 
quence. The jagged lines represent flanking chromosomal segments. 

males (Figures 2C-2F). In all cases in which the X-Y biva- 
lent was sufficiently stretched for observation, the tip of 
one X chromatid was associated with the Y. We have 
never observed pairing of the X tip in the absence of an 
rDNA insertion. The reason for single chromatid pairing 
is unknown. Figure 2 also shows that the paired X chro- 
matid frequently appears elongated. It is not clear whether 
this reflects stretching of the chromatid or the presence of 
the “thread-like” (Cooper, 1984) or “amorphous fibrillar’ 
(Ault et al., 1982) material described previously as con- 
necting wild-type X and Y chromosomes. 

Increased X-Y pairing should result in elevated levels of 
X-Y disjunction. The disjunction frequency was measured 
cytologically by scoring orcein-stained anaphase I, meta- 
phase II, and anaphase II figures from testis squashes for 
the presence or absence of the X and Y chromosomes, 
and genetically, by crossing the males to appropriately 
marked females and measuring the recovery of the four 
sperm classes (X, Y, XV, and 0) in the progeny. The cyto- 
logical method is more direct, but the genetic method al- 
lows sampling of many more meioses. For both assays the 
disjunction frequency is defined as the fraction of second- 
ary spermatocytes with an X or Y but not both-(X + Y)/(X 

+ Y + XY + 0). Since unpaired chromosomes disjoin at 
random in these males (McKee and Lindsfey, 1987), the 
disjunction frequency is 50% in the absence of pairing 
compared to the nearly 100% disjunction observed in 
wild-type males. To estimate the disjunction frequency 
from progeny test data, it is necessary to compensate for 
the skewed progeny ratios caused by differential sper- 
matid mortality. A reliable method of doing this is de- 
scribed in Experimental Procedures. In both assays the 
disjunction frequency proved to be substantiatly higher in 
the [ribT)(lAl-4), Oy7)X-7 males than in the Df(7)X7 con- 
trols: 84% versus 51% in the cytological assay and 88% 
versus 55% in the progeny test (Table 1). f3oth differences 
are highly significant, based on the z test. Substituting 
BV for Ssw gave substantially the same result (Table 
1). Other Ys could not be tested because the Bs duplica- 
tion is needed to complement the proximal euchromatic 
deletion in M(1)X-7. 

[ribTj(lA1-4) also ameliorates progeny ratio distortion. 
Sex chromosome recovery percentages improved from 
7.5% to 44% for the Y and from 39% to 87% for the X (Ta- 
ble 1). Similar results were obtained with BsY: These 
results confirm previous evidence for a causal link be- 
tween X-Y pairing and normal sperm development (Baker 
and Carpenter, 1972; Peacock and Mikfos, 1973; McKee 
and Lindsley, 1987). Any factor that alters the probability 
of X-Y pairing (temperature, background genotype, size of 
X heterochmmatic deletion, or, in this case, the presence 
of a rRNA gene) causes correlated changes in X-Y disjunc- 
tion and spermatid viability. 

Removal of [rfbq(lAl-4) Restores Pairing Defects 
of Df(l)X-1 
To be sure that the pairing stimulation is due to the in- 
serted element itself, [rib7](1A1-4) was removed from 
[rib7)(1A1-4), Df(l)X-7 by three different methods: replace- 
ment of the tip by recombination with a wild-type X, dele- 

Table 1. X-Y Disjunction with and without [rib7](1Al4) 

A. Testes Squash Data 

Ectopic rDNA 
Anaphase I Meiosis II 

Paternal X Chromosome Dose X-Y (a) XY-0 (b) 0 (C) X or Y (d) XY (e) P It Cl 

Df(l)X-1 0 23 19 53 106 57 51 * .06 
[rib7](lAl-4) Df(l)X-1 1 16 9 52 166 46 54 f .05 

Males carried SsYy+ in addition to the indicated X. Details of the testis squash method are in the Experimental Procedures. P (the disjunction 
frequency) was calculated from the formula P = (2a + d)/(2a + 2b + c + d + e). 

6. Progeny Count Data 

Paternal Genotype Sperm Class Totals Parameters 

[rib71 Y X Y XY 0 P f Cl Rx f Cl RY + Cl 

Absent BsYy+ 071 217 54 2402 55 f .02 .30 + .02 .075 f .OOQ 
Present my+ 2572 1693 523 1771 66 f .Ol .67 f .03 .44 + .02 
Absent BSY 144 66 6 765 .62 + .03 .ll f 66 666 + 604 
Present BSY 1025 707 110 547 .76 + .02 .54 f .02 .37 + .02 

Df(I)X-I males with or without [rib7](lAl-4) and carrying either BsYy+ or SSY were crossed singly to ry2 females. P is the frequency of X-Y dis- 
junction. Rx and Rv are the recovery frequencies of the X and Y chromosomes, respectively. See Experimental Procedures for methods of cal- 
culating parameters. Cl is the 96% confidence interval. 
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Figure 2. Terminal Pairing of [rib7](1Al-4) 

Orcein-stained late prophase I and metaphase I meiotic figures ‘from males carrying various X chromosomes and B! 
major autosomes (marked A) appear the same in all males. 
(A) Wild-type X. The X and Y are both paired centrally, lying over each other in this case. Unpaired tips are visible. 
(B) Df(l)X-I: the X and Y are unpaired. 
(C-F) [ribq(lAl-4) 13(7)X-1: four examples of X-Y bivalents with the X paired terminally. Both X chromatids are general1 
matic extent, though the two heterochromatic Y chromatids generally appear as one. Usually only one X chromatid a 
may represent an exception). Magnification: 1500x. 

tion of [rib?) by r-ray mutagenesis, and P element desta- marker in [rib71 was used to screen 
bilization of [rib7) (see Experimental Procedures); the Each putative [rib7 deficiency was 
resulting [rib-/l-, Df(l)X-7 chromosomes were tested for Southern blotting for absence of 
ability to disjoin from the Y. In each procedure the rosy+ sequences (Figure 3A). 

rw. Bivalents in rvolving the 

ly visible along tt reir euchro- 
ppears paired wi lth the Y (D 

for loss of the element. 
then tested by genomic 
element-spec :ific DNA 
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Figure 3 Reversion Tests: X-Y Disjunction in Males Carrying Insert- 
Deleted Derivatives of [rib7j(lAl-4) Oy7)X-7 or rDNA-, ry’ Trans- 
posons 
RI, R2, and R3 are M(1)X-7 recombinants from [rib7j(lAl-4), M(1)X-7/+ 
females. G5 and G9 are y-my-induced deletions of [rib7j(lAl-4), 
Df(7)X-7; PIIQ P5, PlO7, and PI16 are P element transposase-induced 
deletions of [rlb7j(lAl-4), Df(7jX-7. IF and 9E are X chromosomal inser- 
tions of the ryll transposon. 
(A) Autoradiogram of Southern blot containing EcoRI-digested DNA 
from revertant lines probed with labeled Car-20. Each lane contains 
DNA from 5-6 adult flies. The bands characteristic of [rib?j(lAl-4) (11.6 
and 3.9 kb) arB absent from all revertant lines; also absent is the 5.6 
kb internal Hindlll fragment (data not shown). See Figure 1 for restric- 
tion map. The 6.5 and 11.0 kb bands are from the rosy locus at 670. 
(6) The frequency of X-Y disjunction for each of the revertant lines mea- 
sured by progeny testing. Dotted lines demarcate 95% confidence in- 
tervals All males carried 8sw. The controls are ofox- and 
[rib7j(lAl-4), Dy7)X7. 

Disjunction of revertant Dff7)X-7 chromosomes from 
BVy+ was measured by progeny testing. The results 
were clear; with the exception of line R2, which showed 
a slightly but significantly lower disjunction percentage 
than the control (51% versus 55%), all [rib7j- revertants 
disjoined from the Y at frequencies indistinguishable from 
the Df(7)X-7 control, showing that removal of [rib-/) from the 
[ribTj(lA1-4), Df(7)X-7 chromosome eliminates its ability to 
pair with and disjoin from the Y (Figure 38). This rules out 
the possibility that the pairing stimulation of [rib7j(lAl-4) 
is due to a linked modifier. 

Removal of [rib7j also resulted in reversion of the sperm 
recovery ratio phenotype. The recovery percentages of 
the X and Y chromosomes were indistinguishable from 
control Df(7)X-7 levels in each of the rDNA- derivatives of 
[rib7)(1A14) (data not shown) confirming the causal rela- 
tionship between X-Y pairing and spermatid viability. 

To test the formal possibility that the pairing ability of 

[rib7) is due to the rosy or P sequences rather than the 
rDNA, the effects of two X-linked insertions of the ryll 
transposon (Spradling and Rubin, 1983) on the disjunc- 
tional ability of Dff7)X-7 were determined. ryll is essen- 
tially identical to p(rib,ry)7 except that it lacks the rDNA. 
As expected, neither of the two ryll inserts (at 1F and 9E) 
stimulated X-Y disjunction (Figure 38) or improved sper- 
matid recovery values (data not shown). Thus, the ability 
of [rib7j(lAi-4) to stimulate X-Y pairing is attributable to its 
rRNA gene. 

Autosomal [rib7j insertions Do Not Stimulate 
X-Y Pairing and Disjunction 
If [rib7j functions as a pairing site, then it should stimulate 
X-Y disjunction only when located on the X. To determine 
the importance of genomic position, [rib7j insertions at 
three autosomal sites (23E on 2L, 88BC on 3L, and 948 
on 3R) and three X-linked sites (lAl-4, lA5-8, and 2EF) 
were compared for ability to stimulate disjunction of Df(7)X- 
7 from the Y. The insertions at lA14,23E, 88BC, and 948 
were described previously (Karpen et al., 1988). Those at 
VU-8 and 2EF were obtained by P element remobiliza- 
tion of [ribTj(lAl-4) (see Experimental Procedures). The 
VU-8 insertion was accompanied by complete (and non- 
lethal) excision of [ribTj(lAl-4). The 2EF insertion was re- 
covered on a chromosome that retained the original lAl-4 
insertion intact. Subsequently, [rib7)(2EF) was separated 
from [rib7j(lAl-4) by recombination. Each insertion line 
was tested for presence of DNA fragments characteristic 
of [rib7j by genomic Southern blot hybridization, using 
probes homologous to the P and rosy parts of the insert. 
The results (Figure 4A) indicate that each single insert line 
contains a full-length [rib7j transposon. 

For each line, the X-Y disjunction frequency in Df(l)X- 
7/BsVJf+ males with and without the [rib7j insertion was 
measured by progeny testing. For the autosomal inser- 
tions, [rib7j and non-[rib7j males were siblings from a [rib71 
heterozygous father. For the X insertions, the [rib7) and 
non-[rib7) males were taken from sibling lines derived 
from [ribTj/Dff7)X-7 females. All three X-linked insertions 
stimulated X-Y disjunction relative to the M(1)X-7 control 
and all to the same degree (Figure 48). Conversely, the 
three autosomal insertions had no effect on the frequency 
of X-Y disjunction when compared to sibling Df(7)X-7 males 
lacking the [rib7j insertion. Thus, rDNA stimulates X-Y 
pairing only when it is located on the pairing-deficient X. 

The ability to rescue progeny ratio distortion is also 
limited to X-linked [rib7j insertions. Only the three X-linked 
insertions improved Y chromosome recovery (Figure 4C); 
the figures for X chromosome recovery (not shown) follow 
the same pattern. 

Autosomes Containing an rftNA Gene 
Do Not Disjoin from the Y 
The ability of an autosome containing a [rib7j insertion to 
disjoin from the Y in the absence of competition from the 
X was measured for [rib7)(23E) and [rib?j(94B). Each [rib7 
was made heterozygous with a dominantly marked 
homolog-SMl, Cy for [rib7j(23E) and TM3, Sb for [rib7’j 
(94B)-in a Df(l)x-7/6syLe background. For convenience, 
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Figure 4. Effect of Autosomal versus Sex-Linked Location of [rib7) on 
X-Y Disjunction and Y Chromosome Recovery 
(A) Autoradiogram of Southern blot containing EcoRI-digested DNA 
from three autosomal(946,68BC, and 23E) and three X-linked (lAl-4, 
lA5-8, and 2EF) [rib7) lines probed with Car-20 DNA. Each lane con- 
tains DNA from 5-6 homozygous adult females. The 11.8 kb fragment 
is internal to [ribi’] (see Figure 1) and so is present in all [rib7) lines; 
the 5.6 kb internal Hindlll fragment is also present in all lines (data not 
shown). The variable band is the junction fragment from the rosy end 
of [rib7). The 4.8 and 8.5 kb bands are from the rosy locus at 87D. 
(Band C) The X-Y disjunction percentage measured by progeny testing 
(B) and the Y chromosome recovery percentage for each of the [rib7) 
lines and sibling non-[rib;rl controls (C). All males carried Dfl)X-1 and 
Etsw. Dotted lines bracket 95% confidence intervals. 

the dominant marker on the homolog will be referred to 
generically a8 M. Sibling control male8 lacked the [rib7 in- 
sertion and carried a wild-type second or third chromo- 
some instead. Disjunction of the Y from the [ribflcontain- 
ing autosome would lead to an excess of Bs; M and B+; 

M+ offspring relative to the BS; M+ and B+; M classes 
(pseudolinkage). For each insert, the percentage (BS; M 
+ B+; M+) in the [rib71 cross was divided by the same 

value in the control cross (Table 2). This ratio, called NHD, 
is a measure of nonhomologous disjunction. It would 
equal 1 if there were no nonhomologous disjunction; 
values greater than 1 would signify pairing and disjunction 
of [rib-/l from the Y. The observed values were 1.01 for 
[rib7)(23E) and 0.91 for [ribq(94B). Neither is significantly 
different from 1. Thus, a single copy of the rDNA has no 
detectable pairing activity when located autosomally. This 
result could indicate either that rDNA can function as a 
pairing site only when located on the X or Y or that a single 
rRNA gene is shielded from exposure to the Y when 
trapped in an autosomal bivalent that is paired because 
of the activity of other, presumably stronger, pairing sites. 
If the latter interpretation is correct, additional copies of 
rDNA might overcome the shielding effect. 

Increased Dosage of Ectopic rRNA Gene6 
on Df(l)X-1 Further Stimulate8 
X-Y Pairing and Disjunction 
If the rDNA is the sex chromosome pairing site, why is 
there residual nondisjunction in males carrying a single 
X-linked copy of [rib7J? Dosage insufficiency is a plausible 
explanation in light of the fact that a normal Drosophila 
nucleolus organizer consists of some 150-250 copies of 
the rDNA (Long and Dawid, 1980) while [rib71 has but 1 
copy. A test of this hypothesis was made possible by the 
recovery of two X chromosomes containing duplications 
of [rib71 following P element destabilization of [rib7J(lAl- 
4). The duplication-bearing lines were detected by the ap 
pearance of new as well as old junction fragments on 
genomic Southern blots (see Figure 6A) and confirmed by 
in situ hybridization to polytene chromosomes (Figure 5) 
As mentioned above, one line proved to contain both the 
original insertion at lAl-4 and a second full-length in- 
sertion at 2EF The other line, [ribq(lAl-4) x 2, has two 
insertions in 1A that are too close to resolve by in situ hy- 
bridization or separate by recombination. Grain counts 
standardized against the @8 allele located at 97D show 
that hybridization of a rosy-containing probe to ectopic se- 
quences at 1A is approximately twice as intense in this line 
as in the original [rib7’l(lA1-4) line (Figure 5). Genomic 
Southern blotting reveals additional junction fragments 
and an approximate doubling of the hybridization intensity 

Table 2. Nonhomologous Disjunction (NHD) in Df(7)X-1 Males with an Autosomal [rib71 

Paternal 
Autosomal 

NH0 Classes non-NH0 Classes 

Genotype Bs; Cy or Sb +; + Bs; + +; Cyor Sb 

(rib7](23E)/Cy 5 102 7 84 
+ Icy 114 1837 157 1189 

[rib7](94B)/Sb 5 130 13 98 
+ ISb 7 100 4 82 

% NHD 

60 
59 

55 
80 

NHD Ratio 

1 .oi 

.91 

Dr(7)X-I16sYy+; SMI, Cy or TM3, Sb males with or without the autosomal [rib7) were generated as siblings and crossed singly to rosy females. 
The NHD ratio is percent of NHD for the [rib71 males divided by percent of NHD for the control males. 
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Figure 6. In Situ Hybridization of 3H-fabefed rosy DNA to Polytene 
Chromosomes from Females Carrying [rib7 Insertions 
Iribq(lA1-4) (A), [rib7(1A14) + (2EF) (E), and Irib7KlA1-4) x 2 (C). 
Car-20 contains sequences from the rosy and white loci in addition to 
the ends of a P element. The silver grains at IA and 2EF represent hy- 
bridization of rosy and P sequences in Car-20 to the inserted [rib7) se- 
quences. The silver grains at 870 and 3C represent hybridization to the 
rosy and whife foci, respecttvety. To estimate the [ribA copy number at 
1A in [rtb7J(lA14) x 2 (C), the lA:87D hybridization ratio was esti- 
mated by counting silver gmins. Since this line is homozygous for the 
F allele, which contains a 2.9 kb defetffn in the region of homology 
with Car-20, the expected lA:87fI ratio is 0.649:0.351 if 1 copy is pres- 
ent at 1A ((7.2 kb rosy + 0.75 kb P):(43 kb rosy)) or 0787~0.213 for 2 
copies of the [rib’l] insert. The obsewed numbers for the Iribfl(lA1-4) 
x 2 line (C) were 835 grains at 1A and 248 at 87D (21 nuclei), which 
is con&tent with the 2 copy expected ratio (x2 = 1.59, 1 degree of 
freedom). Similar cakufations using the lA:87D ratio (453:322, 28 
nuclei) of the original [rib7)(lA14) line (A) lead to an estimate of 1 copy 
of [ribq, as expected. Magnification: 582.5x. 

to internal fragments. No new internal fragments are seen, 
indicating that [ribTj(lAl-4) x 2 contains two full-length, 
unrearranged [rib7j insertions. 

The effect of X-linked [rib7j copy number (from 6-2) on 
DfOX-7-Y disjunction was determined by both the testis 
squash and progeny count methods (Figure 66). The data 
show a clear relationship between rDNA dose and X-Y dis- 
junction, with the disjunction percentage increasing from 

EcoRl Hindlll 

i 

I” 
60 

50 

40 

2 200 
rDfiA DOSE 

rDNA DOSE 

Figure 6. Effects of Ectopic rDNA Dose on X-Y Disjunction and Y Chro- 
mosome Recovery 

(A) Automdiogmm of Southern blot containing DNA from homozygous 
lines containing 1 (lAl4 and 2EF) and 2 ((IAI-4) + (2EF) and (lA14) 
x 2) X-linked copies of [rib7J. EcoRl digests were probed with labeled 

Car-20 DNA, which hybridizes predominantly to bands with msy ho- 
mology. Hindlll digests were probed with Meted Car-2, which lacks 
rosy and hybridizes primarily to bands homologous to the P element 
ends. See Figure 1 for map. Each lane contains DNA from 5-6 adult 
females. The EcoRl band at 11.6 kb and the Hind91 band at 5.8 kb are 
internal to [rib7); their intensity is proportional to the dose of [rtb7). The 
lack of additional internal bands in the putative2 dose lines implies that 
no rearrangements have occurred. The 3.9.6.5, and 8.1 kb bands are 
junction fragments from the rosy (proximal) end of the element (see 
Figure 1); the number of such fragments (one in lA14 and 2EF and 
two in (lA14) x 2 and (lA1-4) + (2EF)) reftects the copy number of 
[ribA. The 4.6 and 6.5 kb EcoRl bands am from the rosy locus at 870. 
The 8.6 kb Hindlll band is from the white focus. 
(B and C) The X-Y disjunction percentage (B) and the Y chromosome 
recovery percentage (C) plotted against ectopic rDNA dose. Open cir- 
cles represent results of spermatocyte squash experiments; closed cir- 
cles represent progeny count results. Bars indicate 95% confidence in- 
tervals. Three independent Dff7)x-I lines are represented in the 0 dose 
bracket. They are the sibling line controls for the single dose insertions 
at (in order, from left to right) lAl-4, lA5-8, and 2EF (see Figure 4). 
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approximately 50% (random) in the 0 dose lines to approx- 
imately 75% in the 2 dose lines. All differences between 
disjunction percentages from lines at different rDNA dose 
levels are statistically significant at the .Ol level (using the 
z test); with the exception of the 2 dose lines, values from 
lines at the same dose level are not significantly different. 
The 2 dose line with the 2 copies in the same region of 
the X gave a slightly but significantly higher disjunction 
percentage in the progeny test than did the line with the 
more dispersed copies (74% versus 72%). This may indi- 
cate that closely linked pairing sites cooperate more effec- 
tively than more distantly linked ones. 

Progeny ratio distortion exhibited a similar, though more 
dramatic dependence on rDNA dose. Y chromosome 
recovery improved from less than 10% in the 0 dose lines 
to almost 80% in the 2 dose lines; all differences between 
lines at different dose levels were highly significant (z test) 
(Figure 8C). Smaller but significant differences were also 
seen between the 2EF 1 dose insertion and each of the 
other two single-copy lines. This suggests that position on 
the X may influence the degree to which a single copy 
ribosomal gene insertion can rescue progeny ratio distor- 
tion. The level of progeny ratio distortion also differed sig- 
nificantly between the e-copy lines-a fact that is consis- 
tent with the proximity effect suggested above. 

Discussion 

The ability of a single rRNA gene to rescue the pairing and 
disjunctional defects of a heterochromatically deficient X 
indicates that the nucleolus organizers function as X-Y 
pairing sites in normal Drosophila males. Alternative ex- 
planations for the pairing effects of [rib7j insertions, such 
as the presence of closely linked modifiers or pairing ac- 
tivity of P and/or rosy sequences, have been ruled out by 
showing that removal of [rib7j from the X by any of three 
methods eliminates its ability to pair with the Y and that 
X insertions of transposons containing only P and rosy se- 
quences are powerless to affect X-Y pairing ability. The 
failure of autosomal [rib7 inserts to stimulate X-Y pairing 
and the fact that insert-containing X chromosomes pair at 
the site of insertion together establish that the X rDNA 
functions as a pairing site rather than as a trans-acting 
contributor to X-Y bivalent formation. The demonstration 
that the level of X chromosome pairing ability is propor- 
tional to ectopic rDNA dose implies that rDNA sequence 
repetition in the nucleolus organizer is important for full 
activity in X-Y pairing. The threshold for wild-type pairing 
is clearly higher than 2 doses since X chromosomes with 
2 doses of the rDNA transposon still show substantial lev- 
els of nondisjunction. Extrapolating the data in Figure 8B 
to 100% disjunction would lead to an estimate of 4-8 cop- 
ies, which is in agreement with the 8-8 copies estimated 
for one bobbed-lethal, pairing-positive deficiency using in 
situ hybridization to mitotic chromosomes (Appels and Hil- 
liker, 1982). These results provide a plausible explanation 
for the observation that many bobbed-lethal deficiencies 
retain partial X-Y pairing ability (McKee and Lindsley, 
1987). Only those that are completely deficient in rDNA 
would be expected to lack pairing ability altogether. 

In addition to its obvious role in disjunction, X-Y pairing 
is evidently required for normal sperm development. The 
fact that the same 12 kb DNA fragment rescues both 
meiotic defects associated with X heterochromatic defi- 
ciencies (X-Y nondisjunction and progeny ratio distortion) 
strongly implies that they are functionally related. This 
conclusion is consistent with a large body of evidence (for 
reviews see McKee and Lindsley, 1987; McKee, 1990) in- 
dicative of a causal relationship between X-Y pairing fail- 
ure and progeny ratio distortion. The nature of this rela- 
tionship remains a mystery. 

In summary, these results provide molecular identifica- 
tion of a meiotic pairing site. They also confirm cytoge- 
netic evidence that the presence of the pairing site is 
needed both for chromosome disjunction and for normal 
sperm development. 

rDNA in Drosophila Femsle Meiotic Pairing 
Drosophila males are unusual, though not unique, in 
achieving disjunction without the aid of either chiasmata 
or synaptonemal complexes. What role might rDNA play 
in chiasmatic meiotic pairing? In Drosophila females, the 
role of rDNA in exchange pairing is unclear; deletion of the 
NO does not interfere with disjunction of normal Xs. How- 
ever, rDNA may participate in the distributive system that 
functions to disjoin nonexchange chromosomes. The abil- 
ity of heterochromatic free X duplications both to disjoin 
from an attached X and to induce nondisjunction of struc- 
turally heterologous free X chromosomes is strongly cor- 
related with the presence of a bobbed locus (the NO) on 
the free duplication (Lindsley and Sandier, 1958). Thus, 
rDNA may play a major role in achiasmatic pairing in “nor- 
mal” as well as in obligate achiasmatic meiotic systems. 

X-Y Pairing Is Sequence-Specific 
Does the nucleolus organizer promote X-Y pairing be- 
cause of a special property of rRNA genes or simply be- 
cause it provides homology between the X and Y chromo- 
somes? An approach to this question is to ask whether 
other sequences common to the X and Y could substitute 
for the rDNA with respect to pairing. While no other se- 
quences have been tested yet by transformation, the sex 
chromosomes used in the experiments described above 
do share homology for sequences other than the rDNA. 

Homology for euchromatic sequences is provided by 
the y+ and Bs duplications present on BsYy+, which are 
translocations of wild-type X sequences to the tips of YS 
and YL, respectively. The y+ duplication includes poly- 
tene bands lAl-1Bl (nine complementation groups [Linds- 
ley and Zimm, 1987j) and contains at least 320 kb, based 
on pulsed-field Southern analysis of the comparable re- 
gion of the free duplication, Dp(1; f)1187 (G. H. K. and A. 
Spradling, unpublished data). The Bs duplication con- 
sists of several euchromatic bands from 18A and 20F 
(Lindsley and Zimm, 1987) of unknown molecular size. 
Df(l)X-7 is genetically wild type for all of the duplicated ma- 
terial except part of 20F (Schalet and Lefevre, 1978). The 
inability of Df(l)X-7 and BSw to pair despite these large 
(at least several hundred kb) regions of homology indi- 
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cates that male meiotic pairing is at least partly sequence- 
specific. 

Natural homology between the X and Y chromosomes 
is provided by at least two classes of repeated sequences 
in addition to the rDNA. Several families of simple, highly 
repetitive satellite sequences are represented in the het- 
erochromatin of both sex chromosomes (Peacock et al., 
1977; Brutlag, 1980); in addition, there are blocks of the 
more complex (1.2-2.7 kb), moderately repetitive SfeMe 
gene family at 12F in the X euchromatin (80-200 copies) 
and in the long arm of the Y (>lOO copies) (Lovett et al., 
1983; Livak, 1984; M. Satter and B. D. M., unpublished 
data). Df(1)X-7 has not been tested for its satellite content 
but does contain a SW/ate locus (B. D. M., unpublished 
data). Despite some size and restriction site differences, 
the X and Y Sfellafe copies are strongly cross-homologous 
in DNA hybridization experiments. Df(l)X-7 and Bsw 
share more than 100 kb of Stellate homology, yet, as 
shown above, are unable to pair with each other. Several 
pieces of evidence indicate that the satellites are also in- 
effective in meiotic pairing. The disjunction-defective X 
heterochromatic deficiency, Ir1(7)sc’~sCe~, has been shown 
to retain blocks of the 1.888 g/ml (Hilliker and Appels, 
1982) and 1.872 g/ml (Steffenson et al., 1981) satellite se- 
quences near the centromere, the latter of which is com- 
mon to the Y. There are also several free duplications of 
the X and second chromosomes that lack significant pair- 
ing ability and consist mostly of satellite-rich heterochro- 
matin (Lindsley and Sandler, 1958; Yamamoto, 1979). In 
addition, &-second chromosomes that overlap only in 
the heterochromatin disjoin at random from each other 
(Hilliker and Appels, 1982). The failure of satellite se- 
quences to contribute to chromosome disjunction could 
be due to their distribution. Except for the 1.888 g/ml fam- 
ily that is X-specific (Hilliker and Appels, 1982) each of the 
major satellite families is represented in the heterochro- 
matic regions of all of the major chromosomes (Appels 
and Peacock, 1978). S&r//ate, however, is restricted to the 
X and Y. Its lack of pairing ability implies that neither tan- 
dem repetition nor presence on both the X and Y chromo- 
somes suffices to ensure participation in male meiotic 
pairing. 

How Does the rDNA Promote X-Y Pairing? 
The fact that a 12 kb rDNA insert can stimulate X-Y pairing, 
while other, much larger regions of homology cannot, im- 
plies that there is something special about the rDNA with 
respect to meiotic pairing. The basis for this specificity is 
unknown. A sequence within the rDNA could act as a 
binding site for a protein that can interact with similar pro- 
tein-DNA complexes on the homolog. Alternatively, a re- 
gion of unique secondary structure could permit direct in- 
teractions between homologous rDNA sequences. There 
are two known features of rRNA genes that could be rele- 
vant to pairing: germline transcriptional activity and ability 
to form a nucleolus. 

Transcriptional activity has been associated with a su- 
percoiled and relatively accessible chromatin conforma- 
tion (Liu and Wang, 1987) and with binding of one or more 
activating proteins, either of which could predispose a se- 

quence for participation in pairing. Of possible relevance 
is the mounting evidence that recombination in yeast is 
stimulated locally by transcription OfoelkeCMeiman et al., 
1987; Thomas and Rothstein, 1989). The difference in 
pairing ability between the rDNA and the SfeMe complex 
could be related to transcriptional dffferences; sleuafe is 
expressed at very low levels in XY testes (Livak, 1984). 

The nucleolus functions as the transcription site only for 
rRNA genes, thus effectively isolating them from other 
chromosomal sequences. Assuming that both the X and 
Y rRNA genes are present simultaneously in the single 
nucleolus of the premeiotic primary spermatocyte, this 
structure could minimize the spatial and informational 
difficulties involved in homologous recognition. The nu- 
cleolus disintegrates during meiosis, but nucleolar com- 
ponents could be modified and used in the X-Y pairing 
structure. There have been several reports of unusual be- 
havior of nucleoli suggestive of a role in meiotic chromo- 
some pairing and disjunction in other organisms (for ex- 
amples see Friedlander et al., 1978; Oud and Reutlinger, 
1981; Morag et al., 1982). Since the autosomes in Dro- 
sophila males pair and disjoin achiasmatically without 
having nucleolus organizers, it is unlikely that the nucleo- 
lus per se could provide a general pairing mechanism. 
However, it is possible that other stable nuclear structures, 
such as the SnRNP-containing “sphere” organetles re- 
cently described in oocyte nuclei of frogs, newts, spiders, 
and crickets, could play analogous roles in autosomal 
pairing. In amphibians, some spheres are intimately as- 
sociated with the chromatin at particular loci, termed the 
“sphere organizers”; in some cases homdogous sphere 
organizers are associated with the same sphere (Gall and 
Callan, 1989). The importance of transcription and nucleo- 
lus formation in rDNA pairing can be asseased using the 
single gene system described in this report, combined 
with deletion mutagenesis. Both transcription and nucleo- 
lus formation are autonomous properties of single rRNA 
genes (Karpen et al., 1988). Molecular deletion mapping 
of ectopic rRNA sequences responsible for pairing, tran- 
scription, and nucleolus formation should reveal whether 
or not there are functional associations among them. In 
addition, identification of the rDNA pairing sequence(s) 
will provide the material for further biochemical and ge- 
netic studies, such as the identification of putative pair- 
ing proteins or genes whose products interact with the 
pairing site. 

Experimental Procedures 

Chmmoeomss 
DfffjX-7 is a large hetemchromatic deficiency with breakpoints prox- 
imat to the NO and in the proximal euchromattn d&al to or in 1(1)2ocb 
in 29F (Lindsley and Zimm, 19fM, 19B7). Its sequence is otherwtse nor- 
mal. B%‘)i+ is dupticated for lAl-lB1 from the ttp of the X and for three 
additional bands from the proximal X (Lindcdey and Zimm, 1997). Its 
meiotic behavior is indistinguishable from that of an unmarked Y. BsY 
is constructed similarly but lacks the lAl-lB1 dupketkm. 341, Cy and 
TM, .%I are standard batancers for the second and third chromo- 
somes, reepectfvely. Markers are described in Lindsley and Grell 
(195B) and Lindsley and Zimm (1995). 

Plsstnlds 
p(rib,ry)7 was constructed as described previously (Karpen et al., 1995) 
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by inserting a 13.2 kb Nrul-Ball fragment from clone pKB326 (I. Dawid. 
personal communication) containing a full-length rDNA repeat into the 
Hpal site of Carnegie 20 (Car-20) (Rubin and Spradling, 1983). ryll is 
identical to Car-20 except for a single restriction site difference in the 
polycloning region (Spradling and Rubin, 1983). The two ryll insertion 
lines were kindly supplied by A. Spradling. 

Manipulation of Transposons 
The procedures for germline transformation of p(rib,ry)7 and for 
remobilization of [rib;l insertions were described previously (Karpen et 
al., 1988). [ribq(lAl-4) was destabilized by exposure for one genera- 
tion to the genomically integrated transposase source, A2,3(99B) 
(Robertson et al., 1988). The crossing scheme was as follows: 

P [rib7)(lAl-4), ry+ TM3, flK Sb x z, A2,3(99B), ry+ 

[ribfl(lAl-4), ryf P Y ’ A2,3(99B), ry+ 

Fl [ribA( ry+ A2,3(99B), ry+ 

Y ’ TM3, flK Sb 

x FM6 Y’ 8 : ti”’ 

y sn car-36 #OS 

172 w- TM3,flKSb ; 

FM6, y2 8 If-s. 

In this experiment, only rosy F2 females were selected; many of 
these (16 out of 27 ry females) proved to be completely deficient for 
[ribA and were used for the reversion tests. In another experiment, 
msy+ F2 females were also recovered. While many of these contained 
an unaltered [ribfl(lA1-4), four lines (out of 41 ry+ lines) were found to 
contain second-site insertions of [ribA that were used in the compari- 
son of X-linked and autosomal insertions and in the study of dose ef- 
fects. 

Genomic Southern Blot Analysis 
DNA for genomic blots was prepared from 4-6 flies by the method of 
Bender et al. (1983). Genomic DNA was digested 2-4 hr with the ap- 
propriate restriction enzyme (purchased from Bethesda Research 
Laboratories), electrophoresed on 0.5% agarose gels in Tris-Borate- 
EDNA buffer (Maniatis et al., 1982). and transferred to Gene Screen 
Plus filters by the Southern blot method (Southern, 1975) according to 
the manufacture& (New England Nuclear) instructions. After pre- 
hybridization for 15 min in 50% formamide, 1% SDS, and 5x SSPE 
(Maniatis et al., 1982), denatured probe DNA, prepared by nick transla- 
tion (using a kit from Bethesda Research Laboratories) in the presence 
of 13’P]dCTP (from New England Nuclear), was added. Hybridization 
was carried out overnight at 42OC. Filters were washed twice at room 
temperature in 2x SSC, twice at 65°C in 2x SSC, 1% SDS, and twice 
at room temperature in 0.1x SSC, and exposed at -7OOC to Kodak 
XAR-5 film for varying amounts of time. 

In Situ Hybridization 
Larvae for polytene chromosome analysis were cultured in standard 
cornmeal-molasses-yeast agar at 18% under uncrowded conditions. 
Salivary gland squashes and in situ hybridization were carried out ac- 
cording to the method of Johnson-Schlitz and Lim (1987). Probe DNA 
was labeled by nick translation in the presence of 13H]dTTP (Amenham). 

Yeiotic Chromosome Pmparations 
Male meiotic chromosomes were prepared by the method of Lifschytz 
and Hareven (197’7). In brief, testes from O-2 day old adults were 
dissected in She& solution, fixed for 30 s in 45% acetic acid, stained 
for 5 min in 3% orcein-60% acetic acid, transferred to a drop of 60% 
acetic acid on a microscope slide, sliced with a sharp dissecting nee- 
dle near the apical end, and gently squashed with a cover slip con- 
taining a drop of 2% lactic-acetic-orcein. Well-stained and spread 
figures were examined under phase-contrast optics using a Zeiss 
Universal Axioplan photomicroscope and photographed using Kodak 
T-MAX 100 film. 

Progeny Tests 
Males were crossed singly to two rosy females in vials containing 
cornmeal-molasses-yeast agar and cultured at 22oC-23OC. The par- 
ents were transferred to fresh medium on day 6 or 7 and discarded on 

day 12 or 13. Progeny in the first vial were counted on days 12, 15, and 
19 and in the second vial on days 19, 22, and 25. 

Parameters and Statistics 
The X-Y disjunction frequency(P) is defined as the fraction of second- 
ary spermatocytes that receive an X or a Y but not both ((X + Y)/(X 
+ Y + XY + 0)). It was estimated from testis squash data using the 
formula P = (2a + d)/(2a + 2b + c + d + e) (see Table 1 for defini- 
tions). The variance is V = P(l-P)/N. 

The disjunction frequency was estimated from progeny class fre- 
quencies by the method of McKee (1984). This method corrects for 
skewed progeny class frequencies caused by sperm abortion by es- 
timating chromosome viability parameters Rx and Rv, defined as the 
viability of sperm that carry the relevant chromosome divided by the 
viability of otherwise identical sperm that lack it. Using these two 
parameters in addition to the disjunction frequency P, the expected fre- 
quencies of the four sperm classes (X, Y, XV, and 0) in the progeny 
can be written as: (1) e(X) = PRx/S; (2) e(Y) = PRY/S; (3) e(XY) = 
(I-P)RxRv/S; and (4) e(0) = (I-P)/S where S = PRx + PRY + 
(I-P)RxRv + (1 -P). This model treats the chromosome viability 
parameters as independent of each other and of the disjunction fre- 
quency. The validity of this assumption has been established ex- 
perimentally (McKee, 1984; McKee and Lindsley, 1987). Estimates of 
P, Rx, and Rv can be obtained by replacing e(i) in equations l-4 with 
the observed class frequencies o(i) and solving the equations simul- 
taneously. The solutions are: 

P = I/[1 + (o(xY)o(o)/o(x)o(Y))“]; 
Rx = [(o(XY)o(X))l(o(v)o(O))]‘~; and 
RY = I~~~~~~~~v)~~~~~~~~~~~~l’~. 

These are maximum likelihood estimates. The variances are: 

Vi = l/[&((l/e(i))(ae(i)/ai)‘)N], 

where i represents the progeny classes and j represents the pa- 
rameters (Kempthorne, 1969). 

For both assays, pairwise comparisons of parameters obtained from 
crosses involving different lines were made using the statistic: 

2 = (i, -j*)/(V(j,) + V(j,))‘h. 
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